The influence of ribo-and deoxyribonucleosides and ribo-and deoxyribonucleotides on the uptake of radiolabeled thymidine and thymine by Haemophilus influenzae during growth was investigated. A nucleoside-degrading enzyme similar to that reported in Escherichia coli was found to break down thymidine unless other nucleosides were present to divert its action. The presence of other nucleosides permitted a nearly quantitative uptake of even low levels of thymidine. This quantitative uptake of thymidine in the presence of an excess of other nucleosides suggests that the uptake mechanism for thymidine is specific in this organism. Under optimal conditions, as much as 50% of the deoxyribonucleic acid (DNA) thymine was derived from exogenous thymidine. Thymine was not taken up by H. influenzae but, in the presence of purine deoxynucleosides, labeled thymine entered the cells, presumably as thymidine. R-ibonucleosides or ribonucleotides inhibited thymine conversion to thymidine, but, as noted above, they were degraded by a cellular enzyme. Thus, unless the ribonucleoside level was excessively high, a cell level of growth was reached at which the inhibiting ribonucleoside was broken down and labeled thymine appeared in the cells at an increasing rate. Twenty-five per cent of the DNA thymine of this organism was labeled with exogenous thymine. The information noted above serves as the basis for isotopically labeling the DNA.
The influence of ribo-and deoxyribonucleosides and ribo-and deoxyribonucleotides on the uptake of radiolabeled thymidine and thymine by Haemophilus influenzae during growth was investigated. A nucleoside-degrading enzyme similar to that reported in Escherichia coli was found to break down thymidine unless other nucleosides were present to divert its action. The presence of other nucleosides permitted a nearly quantitative uptake of even low levels of thymidine. This quantitative uptake of thymidine in the presence of an excess of other nucleosides suggests that the uptake mechanism for thymidine is specific in this organism. Under optimal conditions, as much as 50% of the deoxyribonucleic acid (DNA) thymine was derived from exogenous thymidine. Thymine was not taken up by H. influenzae but, in the presence of purine deoxynucleosides, labeled thymine entered the cells, presumably as thymidine. R-ibonucleosides or ribonucleotides inhibited thymine conversion to thymidine, but, as noted above, they were degraded by a cellular enzyme. Thus, unless the ribonucleoside level was excessively high, a cell level of growth was reached at which the inhibiting ribonucleoside was broken down and labeled thymine appeared in the cells at an increasing rate. Twenty-five per cent of the DNA thymine of this organism was labeled with exogenous thymine. The information noted above serves as the basis for isotopically labeling the DNA.
The virtually exclusive incorporation of thymidine into deoxyribonucleic acid (DNA) of cells has provided a valuable means of specifically labeling this important biological substance. With the exception of certain mutant strains, Escherchia coli does not incorporate free thymine from the medium (5) unless deoxyribonucleosides or nucleotides are also present (9) . 'This need for deoxynucleosides has led workers (9, 10) to suggest that an enzymatic transfer of deoxyribosyl residues to thymine converting it to thymidine precedes uptake.
The breakdown of thymidine by E. coli was discovered by Rachemler et al. (13) , but it was Boyce and Setlow (1), and later Budman and Pardee (2) , who reported that addition of other nucleosides inhibited the breakdown of thymidine, allowing more of it to be taken up.
The present study reveals that H. influenzae, like E. coli, has an enzyme near the cell surface with which all nucleosides or nucleotides except those of cytosine interact competitively. This enzyme is not a component of the uptake mechanism. This information was utilized to design a procedure for labeling the DNA of this organism. As much as 50% of the DNA thymine was labeled with exogenous thymidine.
MATERIALS AND METHODS
The general procedures are noted here. Other procedures or more specific directions, if needed, are found in the protocols accompanying the tables or figures.
The organism, the defined growth media, and many of the procedures have been described in other publications (6, 7, 16 Growth of cells. In general, stock Rd H. influenzae cells grown in MI,-Cit and frozen at -65 C after addition of 15% glycerol were used in these studies. Frozen samples were thawed, centrifuged, resuspended in fresh Ml,-Cit, and diluted in this medium to 5 X 107 cells/ml. When they were actively growing and reached 109/ml, they were diluted back again to 5 X 107/ml, and their growth and incorporation were followed. Turbidimetric measurements of growth usually began after the cell concentration had reached 108/mi.
RESULTS

Nucleoside enhancement of thymidine uptake.
A chemically defined medium, MIe-Cit (6) , in which inosine is the only nucleoside, other than nicotinamide adenine dinucleotide (NAD), and in which H. influenzae cells grow rapidly, permitted an examination of the factors affecting thymine and thymidine uptake by this organism. It was soon found that, whereas labeled thymidine was incorporated at low cell concentrations (0.1 X 108 to 1.5 X 109/ml), this did not continue as the cell concentration went above this range. Addition of more thymidine did not restore incorporation. Chromatographic analyses of the medium showed that when thymidine uptake stopped it was because there was no thymidine remaining in the medium. It has been broken down to thymine, probably enzymatically (13); however, no breakdown of thymidine occurred when it was added to culture ifitrates, so we conclude that the enzyme is probably near the surface of the cell and not released. In addition, the ribonucleoside inosine, a component of the growth medium, was degraded to hypoxanthine (Fig. 1) . When both inosine and thymidine levels were raised, either initially or after thymidine incorporation had been arrested, more thymidine was taken up. This indicated that inosine was in some way aiding the uptake of thymidine. Figure 2 shows the relationship between initial inosine concentration and the thymidine taken up. The cell concentration at which thymidine incorporation stopped is also shown. The higher the inosine, the longer thymidine incorporation was maintained.
Other nucleosides also enhanced thymidine sedimented and resuspended in an equal volume offresh medium containing no inosine or cold thymidine. Samples were then diluted 1:10 in fresh medium containing 2.6 j&g of thymidine-214C per ml and inosine at various levels (400 to 3000 ,g/ml) and were incubated with agitation at 37 C. Samples were removed, and the cell concentration was determined by turbidity measurements and then 14C uptake after filtration and washing of the cells. Symbols: @, radioactive thymidine assays per 2 X 1010 cells; X, cell concentrations at which thymidine uptake stopped.
uptake. Table 1 contains data showing the relative action of a number of ribo-and deoxyribonucleosides and ribo-and deoxynucleotides. The failure ofcytosine nucleosides to show comparable action confirms the earlier reports onE. coli (1, 2).
It seems clear from the foregoing results that the mechanism by which thymidine is taken up by H. influenzae is specific. Other nucleosides do not compete with thymidine-they enhance its uptake. If these other nucleosides are similar to inosine in their action, they may be reversibly inhibiting a degradative enzyme, for as soon as inosine was degraded the thymidine was degraded and uptake ceased.
Thymine uptake. Except for mutant strains, most bacteria do not take up exogenous thymine, Several previous workers (9, 10, 15) have shown that deoxynucleosides or deoxynucleotides enhance the uptake of thymine. Thymine appears to be converted to thymidine, which is then taken up. It was surprising, therefore, to find that H. influenzae grown in MI-Cit medium supplemented with deoxynucleosides did not incorporate labeled thymine until the population of cells exceeded 109/ml. Since we had found that this was the cell concentration that degraded the inosine in the medium (see Fig. 1 ), this suggested that perhaps the ribonucleoside had in some way inhibited thymine conversion to thymidine, and that thymidine could be formed and taken up only after the inosine was degraded. This notion received support from the following findings: (i) omission of inosine brought a prompt uptake of labeled thymine when deoxynucleosides were present; (ii) replacement of inosine with deoxyinosine also resulted in an immediate uptake of thymine; and (iii) increasing the concentration of inosine caused the delay in uptake to be extended to a higher cell concentration. Some of these effects are shown in Fig. 3 . The failure of labeled thymine to enter in the presence of ribonucleoside also suggests that ribothymidine either is not formed or is not taken up by H. influenzae.
When arginine and uracil or uridine were used in the growth medium in place of citrulline, uptake of radioactive thymine was negligible at any cell concentration, even though deoxyribosyl donors were present. Thymidine was taken up under these conditions, showing that the uptake mechanism was intact and the failure of thymine to be utilized must be due to a block in thymidine 3 . Effect ofvarious nucleosides on the uptake of thymine. Cells were grown to 1.7 X 10'/ml in MIS-Cit containing 1.3 ptg of thymine per ml and 1.5 X 10'3 M deoxyinosine. The cells were then centrifuged, and after resuspension in the same volume of medium they were diluted 1:10 in fresh medium containing 1.3 pug of 14C-thymine per ml and 1.5 X 1-3 M deoxyinosine but no inosine. To a number of samples of this system were added other nucleosides at the indicated final molarity, after which the cells were incubated with aeration at 37 C. Samples were filtered and washed, and the radioactivity was determined in the cells. Symbols: 0, no added nucleoside; 0, inosine (0.37 mn); *, inosine (0.37 mm) + adenosine (1.5 mn); Q, inosine (0.37 mm) + uridine (1.5 mn); S, inosine (1.5 mn); X, inosine (1.5 mn); A, inosine (1.5 mm) + adenosine (1.5 mm); V/, inosine (1.5 mn) + deoxycytidine (1.5 mm), no deoxyinosine.
formation from thymine or to a greatly enhanced endogenous synthesis of thymine.
Effciency of DNA labeling. Cells grown in the presence of high (2, 000 ,g/ml) inosine and low (<1 jig/ml) thymidine took up the thyniidine very efficiently ('60%) but, of course, the fraction of the DNA thymine labeled was low. When the thymidine concentration was higher (5 to 20 ,ug/ml) and the inosine was kept high, labeling was maximal ( '50%) at cell concentrations up to 5 The fact that even low (< 1 ,g/ml) concentrations of thymidine were taken up quantitatively in the presence of high (1,000 ,g/ml) levels of other nucleosides suggests that the uptake mechanism is specific for thymidine and that it is totally independent of the degradative enzyme.
Thymine Inhibition of thymidine formation until + xR is broken down a T* = thymine-2-14C; T*dR -thymidine-2-14C; x = a base; xdR = deoxyribonucleosides; xR = ribooucleosides; and R = ribose.
